Abstract
Introduction

5
Ciguatera fish poisoning (CFP) is a human poisoning syndrome caused by the consumption of 6 seafood contaminated with ciguatoxins. The genus Gambierdiscus represents a group of benthic 7 dinoflagellates known to produce ciguatoxins (CTX); however, toxin production is variable 
Materials and Methods
2
RFLP assay design and in silico testing
3
For the assay design and in silico testing, sequences of the D1-D3 hypervariable region of the 4 LSU rDNA from 12 Gambierdiscus species, one ribotype, and three Fukuyoa species were 5 downloaded from the NCBI GenBank database, and the D1-D2 region was selected and used in 6 subsequent analyses. Sequence data from this region was not available for G. lapillus and G. 7 balechii, so these species were excluded from this analysis. The software programs DNAMAN were used to identify restriction enzymes that could distinguish these species. DNAMAN ENZ 10 (Enzyme file), which contains 2523 enzymes, was used in the in silico analysis. The fragments 11 with all cutters and ends were considered. Restriction Enzyme Picker was then used to optimize 12 the enzyme combination, according to the principle of minimum fragments and enzyme number.
13
SpeI was selected to distinguish G. australes from G. carolinianus, TaqαI for F. ruetzleri and F. 14 yasumotoi, and HpyCH4IV for the remaining Gambierdiscus species. 
Strain isolation and culture maintenance
were subsequently transferred into tissue culture flasks and maintained in 100% modified K 1 medium at 23°C, 32 psu, ~100 µmol photons m -2 s -1 of light, and 12h:12h light:dark photoperiod.
2
A complete list of the isolates used in this study is provided in Table 1 . 
RFLP analysis and sequencing
4
To verify the RFLP method, forty Gambierdiscus isolates, primarily from the Caribbean Sea,
5
were identified using RFLP typing, and the species identity was confirmed using DNA 6 sequencing. For these analyses, DNA was extracted from 1 ml of dense culture using the MoBIO in Table 2 , and expected fragment sizes from the in silico analysis are provided in Table 3 .
Ten Gambierdiscus species, one ribotype (Gambierdiscus ribotype 2), and two Fukuyoa 1 species were analyzed using this assay to verify the fragment sizes generated by the in silico 2 analysis (Fig. 1) . These analyses showed that the fragment bands produced by the RFLP 3 digestion were comparable to those predicted by in silico analysis. All fragments greater than 4 100 base pairs were clearly visible in the agarose gel; however, fragment bands smaller than 100 5 base pairs were sometimes faint or difficult to visualize (Fig. 1) . Efforts to improve the 6 visualization of these smaller bands by increasing the amount of digested product used in gel 7 electrophoresis (up to 12 µl) were unsuccessful, as the smaller fragments still appeared faint 8 regardless of the amount analyzed (data not shown).
9
The RFLP assay was then tested with multiple Gambierdiscus isolates from the Caribbean
10
Sea and the Pacific to further assess the assay's consistency and accuracy, including potential 11 intra-specific variability. DNA sequence data were also collected from these isolates to verify Table 1 , and a subset shown in Fig. 2 .
16
Fragment sizes were generally uniform within species (exceptions described below), and the 17 species identifications from the RFLP assay correctly corresponded to previously assigned 18 species identifications. Undigested PCR product was occasionally observed in digest patterns of interfere with species identification.
21
Gambierdiscus belizeanus, G. silvae, and Gambierdiscus ribotype 2 exhibited consistent, but 22 similar, fragment sizes that required further evaluation (Fig. 3A) . Analyzing the band size of the 23 uncut D1-D2 PCR product enabled identification of G. belizeanus, as this species consistently 1 produced two bands that were easily distinguished using gel electrophoresis (Fig. 3B) .
2 Distinguishing between G. silvae and Gambierdiscus ribotype 2, however, was more difficult.
3
Gambierdiscus silvae has a shorter D1-D2 sequence length (ca. 688 bp) compared to that of 4 Gambierdiscus ribotype 2 (ca. 744 bp), but this size difference was not readily apparent on an 5 agarose gel unless these taxa were analyzed side by side (Fig. 3B ).
6
In order to investigate the intra-specific uniformity in RFLP patterns for species distributed collected from these isolates was also carried out to determine if differences in RFLP profiles 11 could be attributed to sequence heterogeneity. Pacific isolates of both species exhibited variation 12 in RFLP patterns, which was consistently observed in multiple digests of these particular strains.
13
For example, the ~278 bp digestion fragment that was clearly visible in restriction profiles of G.
14 caribaeus isolates from the Caribbean ( have resulted in the loss of this restriction site in these strains ( Supplementary Fig. S1 ).
19
Information about this phenomenon is scarce, but the loss of recognition sites due to point 20 mutations in flanking bases has been reported previously (Klein et al., 1991) . Despite this generated banding patterns that differed from conspecific isolates from the Caribbean (Fig. 2G ), 1 and also from each other (Fig. 2H ). Both isolates produced the expected ca. 233 bp fragment; 2 however, additional bands observed did not match the species-specific RFLP pattern (Fig. 2G,   3 H). Sequence analysis confirmed that both isolates are indeed G. carpenteri ( Supplementary Fig.   4 S2), but species identification could not be assigned with the RFLP assay due to these unique 5 banding patterns. Restriction site analysis of the D1-D2 sequences of these isolates showed that 6 isolate NH-2 contained internal deletions ( Supplementary Fig. S2 ). These particular sequences 7 were ~60 bp shorter than the full-length sequences. Additionally, some of the sequences 8 obtained from these isolates included base changes that produced additional recognition sites for 9 the enzymes used in this assay.
10
Discussion
11
Over the past two decades, significant progress has been made in identifying and describing the 12 considerable species and strain diversity within the Gambierdiscus genus, thus advancing our prompted the approach outlined here.
20
In this study, the restriction enzymes SpeI, HpyCH4IV, and TaqαI were selected for the 21 assay based on successful in silico analysis, and this combination was tested using DNA extracts 22 of ten Gambierdiscus species, one ribotype, and two morphologically similar Fukuyoa species.
23
Subsequent to these analyses, we used RFLP profiling to analyze a culture collection comprising 1 63 isolates to assess intra-specific length heterogeneity and RFLP pattern uniformity. In these in 2 silico and laboratory analyses, the selected enzyme combination generated apparent and unique
3
DNA fragment patterns for all species tested, with the exception of G. silvae and Gambierdiscus 4 ribotype 2, which exhibited similar RFLP patterns (Fig. 3A) , and required longer electrophoresis 5 duration (>1.5 h) to separate them (Fig. 3B) . Examination of the uncut PCR product aided in 6 distinguishing these groups, as the D1-D2 region exhibits length heterogeneity that can be that the assay is functioning properly can also be employed, and include: (1) analyzing uncut
13
PCR product using gel electrophoresis to ensure that PCR amplification was successful, and to 14 assess uncut PCR product length; (2) analyzing both uncut and digested DNA on the same gel to 15 better distinguish length heterogeneity of the uncut DNA and identify undigested PCR product; multiple isolates of each species were tested, but for some species only one DNA extract was analyzed due to the limited availability of these isolates, and recently described species were not 1 tested due to the unavailability of cultures.
2
During these analyses, the smaller fragments (<100 bp) used to help distinguish G.
3 carolinianus, G. polynesiensis, and G. toxicus were often faint (Fig. 1) , possibly due to the low 4 resolution of agarose electrophoresis, differences in DNA concentrations, and limitation of visual 5 observation. Increasing the digestion volume (up to 12 µl) did not improve the appearance of 6 these fragments; however, using polyacrylamide rather than agarose gels would likely improve 7 the resolution. Fortunately, differences in banding patterns were such that this limitation did not 8 affect the assay's ability to effectively discriminate among these species. 385, 233, and 115 or 118 bp) were observed in digests of NH-2 (Fig. 2H) . Based on restriction 17 site analysis of the D1-D2 sequences of these isolates, these RFLP patterns are likely due to the 18 presence of nucleotide substitutions that either eliminated restriction sites (G. caribaeus, 19 Supplementary Fig. S1 ), or produced additional recognition sites for the enzymes used in this 20 assay (G. carpenteri, Supplementary Fig. S2 ). Pseudogenes containing internal deletions are contributed to these aberrant RFLP patterns. With the exception of these isolates, aberrant patterns were infrequently observed; however, the variation we observed in these globally 1 distributed and closely related species illustrates that an alternative confirmation method may 2 occasionally be needed to confirm an isolate's identity.
3
The RFLP approach offers several advantages over other approaches to species 4 identification (DNA sequencing, SEM) and the analysis of community diversity, although the 5 method does require some laboratory skill and resources, and there are biases inherent in using 6 this approach to assess community diversity. As cells must be isolated from field samples and 
18
Following its development, this method was successfully used in conjunction with DNA
19
sequencing for the identification of cultures established during monthly sampling in St. Thomas,
20
USVI, and the Florida Keys, USA, as well as isolates established from San Salvador, Bahamas.
21
These cell isolation and culture establishment activities were carried out routinely as part of a this assay proved to be a sensitive and effective method for distinguishing most of the described
5
Gambierdiscus species, and complements other existing, validated methods for species 6 identification and the analysis of community diversity.
7
Conclusions
8
Here the development of a RFLP assay that effectively distinguishes at least nine Gambierdiscus 9 species, and two morphologically similar Fukuyoa species is described. This method was tested 10 using cultures established during monthly monitoring to assess Table 1 
